Synthetic minimal cells, here defined as liposomal bioreactors synthesizing protein, are a recent technology that models the intricate gene and protein networks of live cells, without the noise inherent to natural systems. Here we show a toolset for engineering combinatorial genetic circuits in synthetic cells, where distinct populations of synthetic cells control single-gene components, and those populations are assembled via programmable fusion to construct complex biological pathways. We utilize this technology to demonstrate that progenitor populations can mimic differentiation into new lineages in response to small molecule stimuli or as an effect of "mating" with another synthetic cell population. This provides a practical tool for metabolic engineering and natural pathway study, as well as paving the way towards the construction of live synthetic cells with complex gene pathways and the ability to form distinct lineages.
Introduction
Synthetic minimal cells, liposomal bioreactors capable of producing proteins, are used as models for a variety of biological processes as well as a tools for developing novel functionalities not possible in live cells. 1 Synthetic minimal cells have been demonstrated to exhibit a number of behaviors previously attributed exclusively to natural living systems, including predation 2 , communication with other cells 3 and response to their environment 4, 5 . Despite great recent progress, some functionalities remain elusive in synthetic cell systems, including the ability to control expression of more than six genes at a time 6 and the ability to differentiate populations of synthetic cells into different lineages. To address those needs, we developed a combinatorial genetic circuit assembly technology, where populations of liposomes have control over single-gene components that can be combined via fusion to construct complex biological pathways. It has been previously shown that SNARE protein mimics (soluble N-ethylmaleimide-sensitive factor attachment protein /coiled-coil hybrid receptors) can be used to fuse phospholipid vesicles and protein expressing synthetic cells. 7, 8 The biggest disadvantage of the SNARE mimic system is that SNARE proteins are not robustly orthogonal -it is difficult to build a system with more than two pairs of SNAREs in the same experiment. This led to the development of a DNA fusion system, which mimicks the SNARE proteins' membrane fusion mechanism with duplex DNA. The concept of sequential fusion of compartmentalized bioreactors has also been explored using various other systems, including polymersomes 6 , coacervates and, most extensively, liposomes 9, 10 . Here we present implementation of a programmable, fully orthogonal fusion system, used to create complex multi-component genetic circuits in synthetic cells. We demonstrate application of this fusion technology to create lineages of synthetic cells; differentiating "ancestral" populations into independent lineages. The ancestral populations are engineered to be "pluripotent," differentiating upon sensing of a small molecule signal or upon "mating" with another population of synthetic cells. sequential mixing of the liposomes, the membrane mixing was detected using pairs of FRET membrane dyes ( Figure S4 ) and lumen mixing was detected with Diamond dye (Figure S5) . The fusion, both measured as membrane and lumen mixing, occurs if, and only if, two membranes contain a complementary pair of fusion tags (A with a, B with b, etc.). After establishing that the fusion system is truly orthogonal and strictly depends on the presence of DNA fusion tags, we proceeded to demonstrate the utility of this system in constructing combinatorial genetic circuits in liposome-based synthetic minimal cells.
Genetic pathways can be activated by combinatorial mating of synthetic minimal cell populations
We constructed a simple genetic circuit, with two populations of synthetic cells, both containing a bacterial cell-free protein expression system. One population of synthetic cells contains plasmids with GFP under the control of a T7 promoter and the other population contains T7 RNA polymerase under the control of the endogenous bacterial promoter-σ70 (Figure 1a-c) . Expression of GFP is only possible upon fusion of both populations. In the simplest example, the "ancestral," or starting, population carries tags ABCD, and can "mate" with populations carrying tags a, b, c and d -each capital and small letter corresponds to a complementary DNA tag sequence (with fusion pairs A-a, B-b, C-c and D-d). We detected no cross-talk between tags; only membranes labeled with the complementary fusion tags can successfully fuse and produce GFP signal, and fusion mediated by one pair of DNA tags occurs independently of fusion mediated by another pair (Fig. 1d) .
Complex linear and branched pathways can be constructed by mating populations of synthetic cells
Synthetic minimal cells have been used as a tool for studying expression of natural gene pathways as well as a model system for creation of synthetic pathways. [17] [18] [19] We asked if the combinatorial mating of synthetic cell populations could produce novel pathways of a size and complexity approximating that of natural biological pathways. Synthetic cells have been successfully used to construct and investigate pathways of up to six genes (albeit using polystyrene compartments instead of phospholipid bilayer membranes). 6 The most commonly investigated gene circuits in synthetic cells are usually not longer than two to four genes, while biologically relevant gene pathways are typically at least two to three times that size. Additionally, biological pathways are often non-linear, with the output of the pathway depending on activity of genes interacting with each other in sub-networks or branches. Having established that the DNA tag mediated fusion system allows combinatorial programmable mating of synthetic minimal cells with phospholipid membranes, we proceeded to applying this technology to construct combinatorial genetic pathways of a complexity approaching natural systems. First, we designed and validated a ten gene pathway, constructed from a series of RNA polymerases, recombinases, and a multicomponent luciferase reporter ( Fig. S6) . All variants of this pathway produce a luciferase signal only if all genes are expressed, and modifications of that pathway allow synthetic genetic pathways to be built with varying length and complexity (Fig. S7) . The linear pathway ( Fig. 1e) can be constructed by using the DNA mediated combinatorial fusion of synthetic cells: with ancestral population ABCD (the populations are named after the fusion tags on the surface of synthetic cells) being mated with eight different populations of synthetic cells decorated with complementary fusion tags ( Fig. 1f) . Only if all populations are mixed and contain the appropriate fusion tags, is the final product of the pathway, luciferase signal, produced ( Fig. 1g) .
To demonstrate a more biologically interesting example of a non-linear pathway, we modified the model luciferase pathway to produce two possible outputs: firefly or Renilla luciferase (Fig. 1h) . This branched pathway started with an ancestral synthetic cell population ABCD, and the first fusion event sets the "fate" of the pathway: fusing with population a or with population b, sets the synthetic cell lineage on a course to produce either firefly or Renilla luciferase ( Fig. 1i) . We tested multiple variants of mating scenarios, confirming that only the presence of all necessary fusion partners results in detection of the final pathway product ( Fig. 1j) . We use the term "lineage" to describe a synthetic minimal cell population capable of producing certain output: differentiation from an ancestral population.
Genetic pathways can be independently activated by mating different components to the same ancestral population of synthetic cells. We found that the identity of populations contributing to the development of any new lineage, and not the order in which the differentiation events occurred, defined the identity of the final lineage. For example, the ancestral population containing T7 and σ28 promoters, can be differentiated into progeny lineages expressing comparable levels of the three measured fluorescent proteins, regardless of the order in which the populations contributing to that lineage were mated (Figure 2 Figure S8 ), regardless of the order in which the elements of the genetic circuit were delivered.
Strength of pathway activation depends on the copy number of each allele
In cell-free translation systems, the strength of gene expression is proportional to the copy number of the gene, within a certain range of DNA concentrations. 20, 21 We observed that this principle is conserved in the genetic circuits assembled in our combinatorial synthetic cell systems. The identity of the final population depends on the copy number of the alleles of each gene, i.e., a progeny population created by the fusion of two populations carrying a gene for a fluorescent protein results in higher signal than fusion of one copy of the given gene if the correct RNA polymerase was present in the ancestral population (Figure 2g-i) . The observed pathway activation is consistent with the theoretical prediction: we plotted expected fluorescence intensity in each progeny population solely based on the copy number of each gene and the presence of the correct RNA polymerase (Figure S9) . The results match the patterns observed in the experiments (Figure 2g -i).
Pluripotent synthetic minimal cells give rise to new lineages
To investigate if the differentiation of the ancestral pluripotent synthetic cell population can result in irreversible specific differentiation into separate lineages, we have designed synthetic cells with genomes that can undergo irreversible differentiation events. The differentiation can be either upon detection of a small molecule signal ( Fig. 3a-b ) or upon mating with different populations of synthetic cells carrying distinct differentiation gene signals ( Fig. 3c -i and 3k-r).
Synthetic cells differentiate in response to signaling molecules
Small molecule-mediated cellular signaling is crucial for most processes that require coordination between different cells, including differentiation. It has been demonstrated that synthetic minimal cells can send and receive chemical signals using quorum sensing secondary metabolites in liposomes 4, 5, 8 and in droplets 22 , as well as protein 23 and DNA 24 mediated communication. We asked if our synthetic cell differentiation could be used to engineer pluripotent synthetic cells that can undergo differentiation in response to small molecule signaling. We designed a control genome ( Fig. 3a) , which contained three recombinase genes under the control of small molecule inducible promotors previously demonstrated to be effective in cell-free protein expression system 11 . We also built a reporter genome ( Fig. 3e) , which contained three reporter fluorescent proteins with expression regulated by the three recombinase sites.
The ancestral, pluripotent synthetic cell population A (decorated with only one type of DNA fusion tag, the A tag) was treated with one of the three signaling molecules, inducing expression of one of the three DNA recombinases (Fig. 3a) . This was the irreversible differentiating step: the expression of one of the three possible recombinases defined the kind of reporter genome rearrangement the lineage could undergo. Another population of synthetic cells, containing the reporter genome and decorated with DNA fusion tag a, was then mated with the control genome populations A. The reporter genome synthetic cells (tagged a) mated with all three lineages, and the final product, fluorescent protein signal, depended solely on the type of recombinase present in the control genome population (tagged A) differentiated with the signaling molecule. The recombinases induced irreversible rearrangement of the reporter genome, and each lineage produced fluorescent protein reporter signal that corresponded to the expected recombinase rearrangement product: the lineage in which the control genome was treated with arabinose expressed yellow fluorescent protein mVenus, the lineage treated with IPTG produced red mApple and the lineage treated with doxycycline produced blue CFP (Fig. 3b) . We have demonstrated that the lineage differentiation was irreversible, as additional treatment with a different signaling molecule after the reporter genome fusion and rearrangement did not produce change in the lineage identity. The only exception was doxycycline treatment of the lineage created with IPTG, which started expressing detectable amounts of blue reporter protein CFP in addition to the expected red mApple, suggesting that Vika recombinase rearranged the reporter genome further, and the Dre-mediated recombination was not complete (Fig. 3b) . This experiment demonstrates that pluripotent synthetic minimal cells can undergo irreversible, specific differentiation into lineages producing different protein products upon treatment with small signaling molecules, and the identity of the lineages can be controlled and programmed by mating with other populations of synthetic minimal cells.
The history of the synthetic cell lineages defines the identity of the final synthetic cell population.
To demonstrate differentiation upon mating with another population, we designed a reporter genome containing three recombinase sites and three reporter proteins ( Fig. 3e) . This genome was encapsulated inside population ABCD. The initial fusion with population a is not a speciation event, but it is crucial in maturing each synthetic cell population in preparation for differentiation. In the presence of T7 RNA polymerase, encapsulated by population a, the genome of the ancestral population ABCD is transcribed, but not translated, due to the stop codon in front of the reporter genes (Figure 3c) . The three mating partners (tagged b, c or d) that can induce differentiation into specific lineages contain one of the three recombinases necessary to induce expression from the reporter genome. Upon mating with either of those differentiation populations, the reporter genome (in AaBCD) undergoes irreversible rearrangement, setting the synthetic cell population on a path to become one specific lineage. The lineage identity can be characterized based on fluorescent protein signal (Fig 3d) .
The recombinase induced differentiation step is irreversible. Subsequent mating events with additional differentiating populations, after the initial irreversible differentiation mating, do not change the final lineage identity (Fig 3f) . This holds true even after multiple mating events (Fig 3g) : see representative data points for one specific lineage maturation (Fig 3h) . Absence of any crucial maturation or differentiation events results in lack of any protein signal characteristic of a differentiated lineage (Fig 3i) . The exception to this rule was that in the presence of additional population d (carrying Vika), there was increased blue (CFP) expression due to further reporter genome rearrangement.
We asked if the ancestral population can be truly "naïve" -not capable of differentiation into any lineage until the first differentiation event. To investigate this, we engineered another recombinase based regulatory genome and reporter genome based on three luciferase plasmids (Fig 3l) . In this case, the ancestral, pluripotent, synthetic cells ABC lack the ability to mate with the reporter genome d. Only by mating with populations a, b or c, can specific lineages be created and the incoming differentiating mating partners deliver the fusion tag D, necessary for the final mating event with the population carrying the reporter genome (Fig 3k) . As in previous experiments, further differentiation events do not change the initial lineage. Interestingly, we demonstrated that all lineages can be incubated together, in the same reaction vessel, creating luciferase readouts that predictably match the expected state of the reporter genomes in each lineage (Fig 3m-r) . The stoichiometry (ratios of synthetic cells mixed in each population) of differentiation and reporter genome mating events does not affect the identity of the final lineage, but it does affect the amount of the final reporter protein produced. For example, using twice as much of the differentiation population b yields an increase in expression of Cypridina luciferase (cLuc), as shown on aggregated data panels 3m (for each lineage incubated separately) and 3n (for all lineages mixed in a single tube), which is in agreement with the theoretical prediction shown on panel 3o. Individual data points for the highlighted example are shown on panels 3p-r.
Synthetic cell lineages can produce different metabolic pathways
After we demonstrated that combinatorial mating of synthetic cells can create new lineages, we asked if this system could be used practically for engineering gene pathways producing small molecule products. We chose the violacein pathway (Fig. 4a) , a bacterial pigment producing pathway that is well-studied and characterized under a variety of conditions. 25 All enzymes of this pathway have been expressed in a cellfree translation system 26 , and the final product and intermediates are natural pigments easily identifiable using HPLC (Fig. 4c) . The order of the enzymes in the pathway defines the final product (Fig. 4a) . First, we tested the concept of modular combinatorial pathway design by constructing variants of the Vio pathway. The starting synthetic cell population contained the first enzyme of the pathway (VioA), and that population was labeled with DNA fusion tags BEDC. Note that the Vio experiments are the only case where we changed letter designation for DNA fusion tags, instead of Aa, Bb, Cc and Dd we are using Bb, Ee, Dd and Cc -to match the letter designations of Vio enzymes. Four different synthetic cell populations were prepared containing the four Vio enzymes necessary to complete the pathway and labeled with DNA fusion tags corresponding to the name of the Vio enzyme, VioB produced by population b, etc. Upon fusion of populations b, e, d and c to the starting population BEDC, the complete Vio pathway was constructed and the two main products detected were, as expected, violacein and chromopyrrolic acid (Fig. 4b) . Omitting one or more of the mating populations resulted in the pathway producing different product distribution based on the enzymes present in the final population ( Fig. 4d-g) . Thus, we demonstrated that we can control the type of small molecule produced inside a synthetic cell population by selectively mating synthetic cells containing different elements of the metabolic engineering pathway. Next, we asked if it is possible to use the metabolic pathway as an identifying feature of a synthetic cell's lineage by implementing the pluripotent synthetic cell differentiation scheme. We combined the mating induced differentiation concept with the ability to control the identity and future mating potential of each lineage using the incoming mating partners (Fig. 4h-n) . In this experiment, the starting (ancestral) synthetic cell population AB contained the first two pathway enzymes: VioA and VioB. The differentiation event was defined as mating with one of the three populations: all containing VioE, and labeled with either DNA fusion tag C, tag D, or the pair of tags C and D. This produced three distinct lineages, all containing the same set of enzymes (VioA, Viob and VioE), but different sets of mating DNA tags (AaBC, ABbD or AaBbCD). This enabled the second round of mating events to be controlled by the identity of the DNA mating tags on each lineage. Two mating partners were made available to each lineage: a synthetic cell population containing VioC and labeled with DNA mating tag c as well as a population containing VioD and labeled with mating tag d (Fig. 4h) . Those new mating partners were only able to mate with lineages displaying the appropriate, complementary DNA mating tags (C for c and D for d). Therefore, there were three possible final lineages: AaBCc containing all enzymes except VioD ( Fig. 4i and l) , ABbDd containing all enzymes except VioC (Fig. 4k and n) , and AaBbCcDd containing all five Vio pathway enzymes ( Fig. 4j and m) . The detected distribution of products in each lineage was consistent with the expected product distribution from the enzymes present in each lineage ( Fig. 4i-k) .
Summary
Synthetic minimal cells are rapidly gaining popularity as a crucial means for studying natural systems, and engineering novel biological tools. Expanding the capabilities of synthetic cells enables mimicry of complex life-like cellular properties while maintaining the programmability and relative simplicity of in vitro systems. In this work, we have demonstrated a method for stepwise assembly of biological circuits previously inaccessible within cell-free systems due to their complexity and large size (Fig 1) . We now may investigate gene pathways with comparable complexity to that of natural genetic systems. We have also demonstrated a programmable mating system that enables construction of progeny synthetic cells from defined starting populations. Additionally, we have engineered pluripotent synthetic minimal cells, in both lineage agnostic and lineage specific systems. We demonstrated that synthetic cell populations can be designed to have identity that is either independent of the route of construction (lineage agnostic, Fig 2) or one that is strictly controlled by differentiation events (lineage specific , Figs 3  and 4) . The possible applications of this system include studying pathways involved in natural pluripotent cell differentiation, including effects of small molecule signaling. Another area of possible application is in building tools for metabolic engineering and pathway discovery, potentially creating libraries of gene pathways with different enzyme compositions and ratios. In this context, synthetic cells can be thought of as bioreactors, encapsulating artificial enzymatic pathways. Alternatively, this technology can be utilized as a tool for construction of complex, live synthetic cells, enabling independent control over different parts of cell metabolism using easily deliverable small molecules, or eventually building complex synthetic cell operons and feedback loops. This work demonstrates that, while synthetic minimal cells still lack robust reproduction mechanism, it is possible to program differentiation events into populations of synthetic cells. With this work we have advanced the construction of life-like synthetic cells, enabling engineering of multi-gene pathways, and programming development of synthetic cell lineages. DNA was anchored in the membrane using cholesterol tag. The mechanism of DNA-mediated liposome fusion is analogous to SNARE protein mediated fusion, bringing membranes together by complementary DNA pairs. c. Liposome fusion and subsequent combining of the content of two populations of synthetic cells results in activation of genetic circuits. In this example, RNA polymerase from population a initiates transcription of gene carried by population A, resulting in GFP expression. d: Mixing of synthetic cells can be detected by construction of a genetic circuit. Two populations of synthetic minimal cells are decorated with DNA membrane tags. Only if a complementary pair of DNA fusion tags (A-a, B-b, etc. ) is present on opposite populations, the membranes can mix, consequently mixing the lumen of the cell as well. One population contains T7 RNA polymerase, the other population contains plasmid for the reporter protein, GFP. GFP expression is measured using fluorescent readout (see Fig. S10 for individual data points). The heat map represents GFP fluorescence from max 359 to min 14 FU measured at λ ex 488nm and λ ex 509nm. Membrane mixing can also be traced by fusion assays (see Fig. S4 ). Figure S6 . g: Linear genetic pathway. Synthetic cells with membranes decorated with DNA tags were mixed with ancestral synthetic cell population ABCD. The content of the fusing liposomes, not the specific identity of the membrane tags, influences the final population state (Fig. S11) . Variants of those pathways were first tested via simultaneous expression in one solution, without encapsulation in synthetic cells (Fig. S7) . Variant pathways of varying complexity were created based on this pathway (Fig. S26) 
Fusion of synthetic minimal cells containing genetic circuits creates linear (e-g) and non-linear (h-j) combinatorial pathways. e-g: A

. Independent genetic pathways can be activated by combinatorial fusion of different components to the same ancestral population of synthetic cells.
The ancestral population ABCD contains one or two RNA polymerases (T7 and/or T3). The first fusion event, with synthetic cell population a, adds another RNA polymerase to the circuit (σ28), or in case of an empty space, Population a contains no plasmid. The order of fusion is always the same, first Population a, then b, then c and then d. In each experiment, Populations b, c and d carry different reporter protein, marked by the color of arrows to the left of each heat map (CFP as blue, mVenus as yellow and mApple as red). This creates a sequence of fusion events, with each reporter protein introduced at a different time. Colors of labels for T7, T3 and σ28 correspond to the colors of reporter proteins controlled by promotors for each polymerase (T7 in blue for T7 promoted CFP, T3 in yellow for T3-promoted mVenus and σ28 in red for σ28-promoted mApple). a: A specific example of one of the pathways, the sample indicated by thick black square on panels d-f; the ancestral synthetic cell population contained T7 RNAP, the first fusion event brought σ28 polymerase under the endogenous σ70 promotor, and subsequent fusion populations brought CFP under T7, mVenus under T3 and mApple under σ28. b: Fluorescent readout from pathway described on panel a, presented as ratio of measured fluorescent signal to background in that channel; error bars are S.E.M. with n=3. c: Relative intensity scale bar for all data on panels d-i.
Absolute fluorescence values are in figures S12, S13, S14, S15, S16 and S12. d-f: The RNA polymerases in the ancestral populations are labeled on top of the heat map. Each heat map shows fluorescence in separate channel, corresponding to one of the three reporter proteins; d: CFP (blue) with λ ex 433nm and λ em 475nm, e: mVenus (yellow) with λ ex 515nm and λ em 530nm, f: mApple (red) with λ ex 568nm and λ em 592nm. Each data point is the average of 3 experiments. Data for each specific experiment are on Fig. S12 for the blue, S13 for yellow and S14 for the red reporter protein. The observed data fits with the simulated expression profiles, calculated based on the amount and ratio of reporter protein vectors and presence of specific promotors (Fig. S8) . g-i: The order of fusion events of each subsequent population into the ancestral population does not affect the final outcome, measured by three different fluorescent protein reporters in the final population. In each experiment, the ancestral population ABCD and subsequent populations a, b, c and d were fused in the order represented by the order of the arrows on the left of each heat map. The ancestral population ABCD contains from one to three RNA polymerases (labeled on top of each heat map as T7, T3 and σ28), and subsequent populations a, b, c and d contain plasmids for reporter proteins CFP (blue), mVenus (yellow) or mApple (red). Data for each specific experiment are on Fig. S15 for the blue, S16 for yellow and S17 for the red reporter protein. The outcomes of the pathways can be compared to the theoretically predicted activity values shown on figure S9. All reactions were incubated for 8h post fusion, then liposomes were lysed, protein expression was stopped with the inhibitor cocktail (see Materials and methods for details), and fluorescence of the reporter proteins was measured (CFP at λ ex 433 nm and λ em 475nm, mVenus at λ ex 515nm and λ em 530nm, mApple at λ ex 568nm and λ em 592nm). Figure S22 . Example of HPLC chromatogram for each experiment is shown on Figure S23 . h-n: Pluripotent synthetic cell population can differentiate into lineages producing different products by mating with populations bringing in different fusion tags. The starting population expresses VioA and VioB, with fusion tags A and B. The differentiation event is fusion between the ancestral population and mating partners bringing in either C, D, or CD fusion tags (all mating partners express VioE). The resulting lineages can only subsequently mate with populations displaying the appropriate fusion tag. The allowable mating events produce three distinct lineages (panels i, j and k), each lineage expresses a different set of Vio enzymes and thus produces a different distribution of products (results shown on panels l, m and n for product distribution in each lineage). All bar graphs represent total integrated area of each peak, error bars are S.E.M. with n=3.
Materials and methods
Cell-free protein expression reagents preparation
This protocol was adapted from Noireaux 27 and Jewett 28 . A 50 mL starter culture of the Rosetta 2 strain of E. coli (Millipore Sigma 71400-3) was made from a glycerol stock and grown to saturation at 37 °C overnight in 2xYPTG (16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl, 20 mM glucose, 40 mM potassium phosphate dibasic, 22 mM potassium phosphate monobasic) with chloramphenicol. A 750 mL 2xYPTG culture (without antibiotic) was inoculated with 10 ml of starter culture. The culture was grown at 37 °C to an OD 600 of 0.4-0.6, then harvested. The resulting pellet was washed twice with 200 mL of Wash Buffer A (10 mM Tris acetate pH 8.2, 14 mM magnesium acetate, 60 mM potassium acetate, 2 mM DTT) followed by a third wash of 40 ml. The resulting cell pellet can be flash frozen and stored at -80 °C prior to the following steps. Frozen pellets were suspended in cold Wash Buffer A equivalent to 1.1 times the cell mass. The cells were then lysed by sonication at 4°C with a total output energy of 1.7kJ using the following sonicator settings: 50% amplitude, repeating 10 seconds on followed by 15 seconds off. The lysate was centrifuged at 13,000 x g at 4 °C for 30 min. The lysate was split into 500 µL fractions and incubated at 37 °C with shaking for 1 hour and the tube lids ajar. The lysate is then centrifuged at 13,000 x g at 4 °C for 30 min. The lysate was then split into 50 µl single-use aliquots, flash frozen, and stored at -80 °C until use. The 10x energy mix is composed of the following: 500 mM HEPES, pH 8; 15 mM ATP; 15 mM GTP; 9 mM CTP; 9 mM UTP; 2 mg/ml E. coli tRNA; 0.68 mM Folinic Acid; 3.3 mM NAD; 2.6 mM Coenzyme-A; 15 mM Spermidine; 40 mM Sodium Oxalate; 7.5 mM cAMP; 300 mM 3-PGA. The 10x energy mix is composed of 17 mM of the following amino acids: alanine, arginine, asparagine, aspartic acid, cysteine, glutamic acid, glutamate, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine For a TxTl (transcription -translation, in vitro protein expression) reaction the following components are combined in the indicated concentrations: 12 mM Magnesium glutamate; 140 mM potassium glutamate; 1 mM DTT; 1.5 µM T7 RNA polymerase; 0.4 U/µl Murine RNase Inhibitor; 1x of aforementioned energy mix, 1x of the amino acid mix, and cell free prep. Template concentration varies. Unless otherwise specified, the reaction was incubated at 30 °C for 12 hours followed by 4 °C temperature hold.
For liposome experiments, all TxTl reactions contained 200mM sucrose.
Liposome formation
Liposomes from dioleoylphosphatidylcholine (DOPC), dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and cholesterol at a molar ratio of 3:1:1 were prepared according to a previously published method 29 . Briefly: thin film was prepared by mixing all lipids in chloroform (in amber vials) and evaporating the solvent overnight. 500 µL of mineral oil was added to each thin film vial, incubated at 60 °C for 10 min, vortexing for 10 minutes, incubating for 60 °C for 3 hours, then sonicating in bath sonicator at 60 °C for 30 minutes. The mineral oil lipid samples were cooled down to 4 °C. 30 µL of internal liposome solution was added to each mineral oil sample, vortexed for 30 seconds, and equilibrated for 10 minutes at 4 °C. The mineral oil liposome solution was carefully added on top of 250 µL of centrifuge buffer (100 mM HEPES + 200 mM glucose, pH 8). Samples were centrifuged at 18,000 rcf at 4 °C for 15 minutes. As much of the mineral oil layer as possible was removed, and using fresh pipette tip liposome "pellet" was aspirated form the bottom of the tube. The liposomes were resuspended in 250 µL wash buffer (100 mM HEPES + 250 mM glucose, pH 8), and centrifuged at 12,000 rcf at 4 °C for 5 minutes. Residual mineral oil was removed from the top of the solution, and the liposomes were transferred to a fresh tube.
Lipid mixing assay
The lipid mixing assay was performed as previously described. 8, 13, 14 Briefly, the DNA strands were prehybridized by incubating in thermocycler, cooling down from 95 °C to 25 °C over the period of 15 minutes. The pre-hybridized DNA fusion tags in 100 mM HEPES, pH 8.0 were added to a solution of pre-formed liposomes. Liposomes were mixed immediately after addition of DNA, and samples were tumbled for 30 minutes to allow DNA incorporation into liposomes.
Fluorescent protein measurements in synthetic cells
To ensure that the background fluorescence does not change over the course of a TxTl reaction, we have prepared liposome samples with either no template, or control non-fluorescent protein. The control protein was non-fluorescent OphA protein from Omphalotus olearius Jack-o'-Lantern mushroom. Expression of the control protein was confirmed on the Western Blot. See Figure S24 . To confirm that light scattering from liposome particles does not influence fluorescence signal and the fluorescence signal ratios at different wavelengths, we have confirmed that fluorescence signal from synthetic cell populations expressing different fluorescent proteins does not change upon lysing liposomes (data not shown). We have optimized liposome lysis conditions to make sure the liposomes are always completely lysed, using calcein self-quenching assay. (Figure S25) 
Luciferase measurements in differentiated synthetic cells
Liposomes of the non-differentiated ancestral population were labeled with 100 µM of Sulfo-Cyanine5 carboxylic acid. Cy5 fluorescence was recorded at λ ex 646nm and λ em 662nm, and it was used to ensure no loss of ancestral liposome population in every experiment. The background fluorescence of TxTl reaction was measured in negative control sample included with each series of experiments. The negative control sample contained all components of each experiment except plasmids that produce fluorescent protein signal. CFP fluorescence was measured λ ex 433nm and λ em 475nm, mVenus fluorescence was measured λ ex 515nm and λ em 530nm, and mApple fluorescence was measured λ ex 568nm and λ em 592nm. All measurements were performed with plate reader PMT setting "high", and with 12 reads per well. All fluorescent measurements were performed on SpectraMax
Luciferase assays on differentiated synthetic cells
Liposomes of the non-differentiated ancestral population were labeled with 100 µM of Sulfo-Cyanine5 carboxylic acid. Cy5 fluorescence was recorded from all 3 aliquots before addition of luciferase substrates. The recorded values (data not shown) were used to ensure no loss of ancestral liposome population in every experiment.
Violacein analysis
HPLC peak assignments were based on previously published data 26, 30, 31 and confirmed with the original samples of Violacein from Janthinobacterium lividum (Sigma Aldrich) and Deoxyviolacein (Cayman Chemicals). For HPLC analysis, the violacein pathway reagents were extracted from each sample using ethyl acetate, as demonstrated before. 26 Briefly, each sample was extracted with 5 parts of ethyl acetate per 1 part sample, vortexing for 5 minutes. The phase separation took approximately 20 to 30 minutes, which is much longer than previously reported (approximately 5 minutes for solution TxTl); we attribute this difference to the presence of lipids in the sample. After complete phase separation, each sample was frozen in an ethanol / dry ice bath, and the ethyl acetate phase was collected. Samples were analyzed on Agilent ZORBAX Bonus-RP 3.5 µm, 4.6 x 150 mm column, with detection at 570nm, flow rate 1 ml/min, with gradient of acetonitrile 5% in water for 5 minutes, up to 95% at 20 min, down to 5% from 30 min to 35 min. Between each run, the column was washed with 95% acetonitrile in water for 10 min and 5% for 5 min.
